S U M M A R Y Glutamate-a-ketoadipate transaminase, saccharopine reductase, and saccharopine dehydrogenase activities were demonstrated in extracts of Rhodotorula glutinis but a-aminoadipate reductase activity could not be measured in whole cells or in extracts. Lysine auxotroph lysi grew in the presence of L-lysine or DL-Uaminoadipate and incorporated radioactivity from DL-a-amino-[ I -14C]adipate into lysine during growth. Growing wild-type cells converted ~-[U-~~C]lysine into aamino-[14C]adipate, suggesting both biosynthetic and degradative roles for a-aminoadipate. Lysine auxotrophs l y s~, lys2 and l y s~ of R. glutinis, unlike lysine auxotrophs of Saccharomyces cerevisiae, satisfied their growth requirement with L-pipecolate. Moreover, extracts of wild-type R. glutinis catalysed the conversion of L-pipecolate to a-aminoadipate-&-semialdehyde. These results suggest a biosynthetic role for L-pipecolate in R. glutinis but not in S. cerevisiae.
I N T R O D U C T I O N
The diaminopimelic acid pathway is utilized for the biosynthesis of lysine in bacteria (Gilvarg, 1960; Vogel, 1964; Truffa-Bachi & Cohen, 1968) , whereas the homocitric-aaminoadipic acid pathway is utilized for the biosynthesis of lysine in yeast and other higher fungi (Mitchell & Houlahan, 1948; Strassman & Ceci, 1966; Broquist, 1971) . Genetic and biochemical studies in Neurospora crassa and Saccharomyces cerevisiae support the scheme of the latter pathway ( Fig. I ). We have reported accumulation of homocitric, homoaconitic and homoisocitric acids in a lysine auxotroph of Rhodotorula glutinis, an oxidative red yeast (Bhattacharjee & Strassman, 1967a; Glass & Bhattacharjee, 1971) . To confirm and extend the general scheme for the biosynthesis of lysine in fungi, we report here the enzymic activities following the a-ketoadipic acid step as well as the metabolism of a-aminoadipic acid to lysine and vice versa in R. glutinis. A biosynthetic role of pipecolic acid is indicated in R. glutinis but not in S. cerevisiae. 
M E T H O D S
Organisms and growth conditions. Lysine auxotrophs Zysr, Zys2, Zys3, and wild-type R. glutinis (Glass & Bhattacharjee, 1971) as well as lysine tester-strains and wild-type S. cerevisiae (Biswas & Bhattacharjee, 1974) were used. Stock cultures were maintained on a glucose-nutrient medium and were grown in minimal medium (Crocker & Bhattacharjee, I 973) supplemented with L-lysine, L-pipecolic acid, or DL-a-aminoadipic acid as required. Cultures were shaken at 30 "C in Delong culture flasks. Growth was determined by the increase in turbidity (E550) using a Coleman Universal spectrophotometer (model 14,
Coleman Instrument Corp., Maywood, Illinois, U.S.A.).
Preparation of extracts and assay of enzyme activities. Dialysed extracts, prepared as described by Sinha & Bhattacharjee (1970) , were used as the source of enzymes. Protein content was determined by the biuret reaction (Gornall, Bardawill & David, 1949) .
Glutamate-a-ketoadipate transaminase activity was determined by the method of Piediscalzi, Fjellstedt & Ogur (1968) following the conversion of ~~-a-amino-[r-~~C]adipic acid to a-[14C]ketoadipic acid. Radioactive a-aminoadipic acid was purified by chromatography on a column of Dowex-1-formate before use. Following incubation (90 min), protein in the reaction mixture was precipitated, removed by centrifugation, and radioactive a-ketoadipic acid was isolated by chromatography on a column (I x 30 cm) of Dowex-I-formate (Bhattacharjee & Strassman, 19673) . To study the effect of lysine on the biosynthesis of this enzyme, cultures were grown in minimal medium as well as in medium supplemented with lysine (roo ,ug/ml). Extracts from appropriate cultures were tested for the glutamate-a-ketoadipate transaminase activity. a-Aminoadipate reductase (EC. I . 2 . I . 3 I) activity is dependent on a-aminoadipate, ATP, Mg2+ and NADPH. This activity was measured in extracts by the method of Sagisaka & Shimura (1959) , or in whole cells by the procedure of Jones & Broquist (1965) .
Saccharopine reductase (EC. I .5. I . 10) and saccharopine dehydrogenase (EC. I .5. I . 7) activities were measured by following the reactions in the reverse direction according to the methods of Jones & Broquist (1965) and Saunders & Broquist (1966) , respectively. The compositions of the reaction mixtures for the a-aminoadipate reductase, saccharopine reductase and saccharopine dehydrogenase assays were the same as those described earlier (Sinha, Kurtz & Bhattacharjee, 1971) .
The ability of extracts to convert L-pipecolic acid to a-aminoadipate-bsemialdehyde was determined by incubating L-pipecolate with dialysed extract and buffer at 30 "C for 30 min (Rodwell, 197 I) . Following incubation, the reaction mixture was heated with p-dimethylaminobenzaldehyde and the formation of a coloured derivative was determined by measuring EM0 as in the a-aminoadipate reductase assay.
Metabolism of ~~-a-amino-[r-~*C]ad@ate and L-[ U-14C]Zysine.
Lysine auxotroph Zysr of R. glutinis was grown in 25 ml minimal medium supplemented with a-amino-[~-l~C]adipate (500 p g ; 4-7 x 106 c.p.m.). After 72 h the culture supernate was examined for radioactivity, cells were harvested, washed, and hydrolysed in a sealed tube (Bhattacharjee & Tucci, I 969). The acidic component was separated from basiclneutral component by chromatography using Dowex-I-formate. Basic/neutral component and carrier L-lysine were chromatographed on a column ( I x 30 cm) of Dowex-50 (Moore & Stein, 1951) . Fractions were analysed for lysine by ninhydrin (Moore & Stein, 1948) and for radioactivity using a tolueneethanol solvent system (Bhattacharjee & Sinha, 1972) .
Wild-type cells were grown for 72 h in 50 ml minimal medium supplemented with 10 pCi of ~-[U-l~C]lysine. Cells were removed and the culture supernate was lyophilized and chro- matographed on a column (I x 30 cm) of Dowex-I-formate using a stepwise gradient of ammonium formate (Kuo, Saunders & Broquist, 1964) . Fractions containing labelled a-aminoadipate were combined and further characterized by thin-layer chromatography.
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Chemicals. Non-radioactive chemicals were from Sigma, and DL-a-aminO-[ rJ4C]adipate and ~-[U-~~C]lysine were from Amersham/Searle, Chicago, Illinois, U.S.A.
RESULTS

Enzyme activities
Extract of wild-type R. glutinis exhibited significant glutamate-a-ketoadipate transaminase activity (Fig. 2) . No reaction was observed in the control experiment using heat-inactivated extract. A small satellite peak of radioactivity (fractions 17 to IS), in addition to the unreacted a-aminoadipic acid peak (fractions I I to IS), was present in both profiles. The identity and significance of this split peak were not determined. Lysine in the growth medium reduced by 30 % the ability of extract to form labelled a-ketoadipate. a-Aminoadipate reductase activity was demonstrated both in whole cells and in extract of wild-type S. cerevisiae. However, wild-type R. glutinis failed to exhibit this enzyme activity in three different assay procedures (Table I) . This enzyme activity also appeared to be absent in the lysr mutant of R. glutinis, although the growth of this mutant in the minimal medium was supported by a-aminoadipate. of this activity in R. glutinis extract. Change of pH (6.5, 7-0 and 8-0), substitution of NADH for NADPH, or substitution of CTP, GTP, or UTP for ATP were also ineffective. Saccharopine reductase and saccharopine dehydrogenase activities were present in R. glutinis extract ( Table I) . Saccharopine reductase activity was confirmed spectrophotometrically by the saccharopine-dependen t reduction of NADP. No activity was present in the control experiments, including the one with heat-inactivated extract. Saccharopine dehydrogenase activity was demonstrated by the lysine-and a-ketoglutarate-dependent oxidation of NADH.
Metabolism of m-a-amino-[ 1-14C]adipate and L-[ U-l4C]Zysine
Culture supernate and the cell-hydrolysates of Z~S I of R. glutinis grown in the presence of ~~-a-amino-[ I -14C]adipate were analysed for radioactivity ( Table 2) . Radioactive material in the culture supernatant was identified chromatographically as a-aminoadipate. Practically all the radioactivity in the basiclneutral portion of the cell-hydrolysate was eluted with the carrier lysine in the subsequent chromatographic analysis (Fig. 3) . IP Both labelled lysine (fractions 8 to 15) and a-aminoadipate (fractions 54 to 6 2 ) were present in the culture supernate of wild-type R . glutinis grown in the presence of ~-[U-~~C]lysine (Fig. 4) . The radioactive material from the a-aminoadipate peak was further characterized on thin-layer chromatography using known carrier ( Table 3) . One of the minor peaks (fractions 30 to 40) exhibited a similar elution profile to that of saccharopine.
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Role of pipecolic acid
Nutritional studies on lysine auxotrophs were carried out by adding L-lysine, DKSaminoadipate, or L-pipecolate (40 pg/ml) to the minimal medium. a-Aminoadipate supported the growth of l y s~ whereas L-pipecolate, like L-lysine, supported the growth of all three mutants, lysi, lys2,Zys3, of R. glutinis (Table 4) . L-Pipecolate failed to support the growth of any of the lysine auxotrophs of S. cerevisiae. Like wild-type R . glutinis, extracts of lysz and lysj (non-utilizer of DL-a-aminoadipate) showed saccharopine dehydrogenase and saccharopine reductase activities but no a-aminoadipate reductase activity. Extract of R. glutinis catalysed the formation of the p-dimethylaminobenzaldehyde adduct of a-aminoadipate-8semialdehyde from L-pipecolate (Table I) . This activity remained unchanged with the addition of ATP or NADPH to the reaction system. Extract of S. cerevisiae was inactive for this reaction.
D I S C U S S I O N
Crude extract of R. glutinis exhibits glutamate-a-ketoadipate transaminase, saccharopine reductase and saccharopine dehydrogenase activities. So far, attempts to demonstrate a-aminoadipate reductase activity in R . glutinis with various conditions and assay methods remain unsuccessful. This lack of activity may be real or apparent. The enzyme may be 
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particulate and inactivated during extraction, or the activity may require different co-factors or physiological conditions than the ones tested.
Metabolism of ~~-a-amino-[~-~*CJadipate and ~-[U-~~C]lysine in growing R . glutinis, as well as the presence of saccharopine reductase and saccharopine dehydrogenase activities in wild-type and mutant strains, indicate that a-aminoadipate functions as a biosynthetic precursor and a degradative product of lysine in this organism. Although a-aminoadipate reductase is not demonstrable, it is believed that saccharopine reductase and saccharopine dehydrogenase function biosynthetically for the conversion of a-aminoadipate to lysine and, as in man (Hutzler & Dancis, 1968) , catabolically in the conversion of lysine to a-aminoadipate in this organism.
As is the case for the biosynthesis of lysine, there exists a considerable diversity of pathways for the catabolism of lysine. Several distinct catabolic routes for lysine have been proposed for different organisms (Rodwell, I 969) . In Hansenula saturnus and Rhizoctonia Zeguminicola catabolism of lysine seems to involve acetylated intermediates (Rothstein, I 965 ; Guengerich & Broquist, 1973) . Catabolism of lysine in N. crmsa and rat liver is believed to occur via lysine -+ a-keto-e-aminocaproate 3 A'-piperidine-2-carboxylate + L-pipecolate (Rothstein & Miller, 1954; Schweet, Holden & Lowy, 1954) . A biosynthetic role for pipecolate is indicated in the lysine pathway of Aspergillus nidulans (Aspen & Meister, 1962) and Euglena gracilis (Rothstein & Saffran, 1963) . Based on the growth response of lysine auxotrophs to L-pipecolate and the ability of extract to convert L-pipecolate to p-dimethylaminobenzaldehyde adduct of a-aminoadipate-6-semialdehyde, we believe that both a-aminoadipate and L-pipecolate are biosynthetic precursors and convert via a-aminoadipate-bsemialdehyde and saccharopine to lysine in R. glutinis (Fig. I) . Mutants Zys2 and lys3 are probably blocked in the a-aminoadipate reductase step and thus fail to grow in the a-aminoadipate-supplemented medium. We consider that the wild-type organism contains a-aminoadipate reductase but that for some reason we cannot detect its activity in extracts.
Rhodotorula glutinis, like A . nidulans and E. gracilis, seems to utilize pipecolic acid for the biosynthesis of lysine but the precise mechanism remains to be elucidated. Present results do not rule out the conversion of L-pipecolate to lysine via the reverse reactions of lysine -+ aketo-€-aminocaproate + A'-piperidine-2-carboxylate + pipecolate. It can be stressed that pipecolate is not utilized for the biosynthesis of lysine in S. cerevisiae.
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